Introduction
In order to increase the specific thrust and to reduce the specific fuel consumption of gas turbine engines, higher turbine inlet temperatures are needed. This need for high temperatures results in a demand for effective cooling of high-pressure turbine blades. Many of the blade cooling systems involve ejection of cooling flows into the hot gas stream at various points on the blade. One of the most critical locations on the blade where coolant ejection is performed is the trailing edge. The mixing of high-density coolant with hot mainstream gases can result in aerodynamic losses, which will influence the engine performance.
Aerodynamic aspects associated with trailing edge coolant ejection in steady two-dimensional blade-to-blade flow over a range of exit Mach numbers and coolant pressure ratios were studied by Deckers and Denton ͓1͔. The tests were carried out on flat plate models representing the region of uncovered turning downstream of the throat. It was concluded that the effect of coolant ejection is a substantial increase in the base pressure and a reduction in overall loss. Pappu and Schobeiri ͓2͔ investigated the aerodynamic effects of trailing edge ejection on mixing losses downstream of cooled gas turbine blades. The results indicate that for an ejection velocity ratio of unity, the trailing edge ejection reduces the mixing losses. An investigation of the flow field downstream of a turbine trailing edge cooled nozzle guide van is described in Sieverding et al. ͓3͔ . A cutback trailing edge ejection system discharging on the pressure side of the blade is used. It was concluded that the coolant flow ejection did not produce any unusual wake flow patterns in the measurement planes. This feature was explained with very rapid mixing of the coolant with mainstream flow. Mee ͓4͔ discussed the experimental methods required to compare different trailing edge region coolant ejection geometries. It is suggested that if the additional complexity associated with foreign gas ejection or cooled air injection is to be avoided, more accurate results may be obtained by simulating the momentum flux ratio rather than the ejection rate of the coolant. Aerodynamic penalties of coolant ejection for two different trailing edge geometries were investigated by Kost and Holmes ͓5͔. A blade with a thick trailing edge where coolant is ejected through slots in the trailing edge and a blade with a thin trailing edge where coolant is ejected through a row of holes on the pressure and suction sides were tested. Their results indicate that for coolant to mainstream mass flow rate ratios larger than 2.5 to 3 percent, the coolant momentum has a positive effect on total loss. Kapteijn et al. ͓6͔ tested an inlet guide vane with two different trailing edge shapes to investigate the aerodynamic effects of trailing edge ejection. A fully enclosed trailing edge ejection system and a cut-back trailing edge ejecting on the pressure side were compared. The cut-back trailing edge generates higher losses than the fully enclosed ejection system, especially in the supersonic range.
This study is an extension of the internal loss investigation and discharge coefficient measurements performed by Uzol et al. ͓7͔. The objective is to understand the effect of trailing edge coolant ejection on the external aerodynamic loss characteristics of the turbine blade with the trailing edge coolant ejection system. For this purpose Particle Image Velocimetry ͑PIV͒ experiments and total pressure surveys are conducted in the near wake region of the trailing edge. High-resolution flow field maps are obtained for two different Reynolds numbers, namely Re max ϭ500,000 and 350,000, which is calculated using the chord length and the maximum velocity at the throat. The coolant to free-stream mass flow rate ratio, i.e., ejection rate, is varied between 0 and 5 percent. The effect of the trailing edge ejection configuration is also investigated by testing two different cut-back lengths at the trailing edge.
One configuration was a zero cut-back length blade in which the trailing edge ejection occurs right at the trailing edge. The second configuration had a cut-back length of 23 mm ͑12.5 percent chord͒ from the trailing edge and the coolant ejection was from the pressure side. Computational simulations of the flowfield are also obtained by solving two-dimensional, incompressible, steady Reynolds-averaged Navier-Stokes equations using a finite element scheme. The numerical results obtained are used for qualitative flow visualization purposes.
Experimental Facility
The experiments are conducted at the ''Cooled Turbine Cascade Facility'' at the Turbomachinery Heat Transfer Laboratory of the Pennsylvania State University. Detailed information about the facility was presented in Uzol et al.
͓7͔
The test section consists of two flow passages that are formed by a linear cascade of three generic high-pressure turbine blade profiles with high trailing edge thickness as explained in Uzol et al. The middle blade in the cascade is instrumental to simulate trailing edge coolant ejection. The trailing edge is also modified to allow testing of different trailing edge coolant ejection configurations. The geometry and the details of the trailing edge coolant ejection system are explained in detail in Uzol et al. ͓7͔ . The specific geometry used in this study has six ribs between the suction side and the pressure side shells, which are enclosed with an aluminum cover plate. The two trailing edge configurations tested Transactions of the ASME PROOF COPY 027102JTM
are a zero cut-back length ͑Blade A͒ and a cut-back length of 23 mm on the pressure side ͑Blade B͒ ͑Fig. 2͒. The blade span is 152.4 mm, which is equal to the endwall to endwall distance in the test section. Pressurized air is supplied through from both sides of the instrumental blade in order to have a uniform coolant ejection from the trailing edge. The volumetric flow rate of the coolant is controlled by a rotameter. The total pressure and the total temperature of the coolant are also measured just before the coolant goes inside the blade; these measurements are used to calculate the ejection rate. The mainstream flow velocity, total pressure, and total temperature at the inlet of the test section were also measured to obtain the inlet mass flow rate. For a given inlet Reynolds number, the coolant mass flow rate is varied until the desired ejection rate is reached. Once it is reached, 250 PIV speckle images are collected. A miniature total pressure probe mounted on a traverser is also used to measure total pressure losses in addition to velocity field measurements from PIV.
PIV Measurements
Particle Image Velocimetry experiments are conducted for the investigation of the flowfield near the trailing edge of the middle blade ͑Fig. 1͒, which was instrumented for creating a coolant ejection from its trailing edge with different trailing edge configurations. The PIV measurement domain is illustrated in Fig. 3 .
The flow field is seeded with fog particles and the PIV measurement domain is illuminated by two frequency doubled pulsating Nd:YAG laser sheets, which have an emitted radiation wave- 
length of 532 nm. The pulsed Nd:YAG laser power is 50 mJ and the laser sheet is placed between the third and fourth ribs, which corresponds to the midspan location on the blade. Pairs of speckle images of the PIV domain are then captured using a CCD crosscorrelation camera, which is fully synchronized with the pulsating laser sheets. The minimum time delay between the two frames in an image pair that can be obtained in this system is 1 s. processor are managed by a personal computer. Figure 4 shows typical speckle images of the PIV domain captured with the CCD camera. Although the instantaneous flow details in the wake region in the absence and presence of coolant ejection are illuminated in these images, obtaining information about the unsteady nature of the flow field using these visualizations is beyond the scope of this study. The main purpose is to obtain the true-mean velocity field information, which will be used in the external loss investigation. For each measurement case ͑i.e., for a specific combination of Re max , a trailing edge configuration, and an ejection rate͒, 250 pairs of images are collected. After each pair is cross-correlated Transactions of the ASME PROOF COPY 027102JTM
and the raw velocity fields are moving-averaged/filtered, the mean flow field is obtained by ensemble-averaging over 250 samples. The variation of the mean velocity, which was obtained by taking the average along a certain line ͑line AA in Fig. 6͑a͒ inside the wake of the blade, with number of samples is shown in Fig. 5 . It is clear that a stationary measurement is obtained after the number of acquired samples exceeds 150. The experimental uncertainty level for the velocity measurements using 250 samples is estimated to be Ϯ0.5 percent.
Figures 6 and 7 show the speed contours inside the PIV domain for Blades A and B at Re max ϭ350,000 and 500,000, respectively. The term speed is used for the magnitude of the velocity vector from PIV measurements throughout this paper. The results are presented for ejection rates of 0, 1, 3, and 5 percent. As can be seen from the plots, it was not possible to obtain physically meaningful data from the right-hand side of the PIV domain because of the blockage of the laser sheet by the trailing edge of the lower blade. That portion of the domain is illustrated as gray triangles in Figs. 6 and 7. The actual laser sheet blockage can be seen in Fig.  4 . The rest of the flowfield, however, had sufficient laser illumination, which was used to produce the wake characteristics of the middle blade.
The maximum velocity is reached at the cross section that has the minimum area between the pressure side of the middle blade and the suction side of the lower blade. The quantitative results for the maximum velocity obtained from the PIV measurements are observed to be in close agreement with the data obtained from pitot-static prober measurements acquired at the minimum area plane, as explained in Uzol et al. ͓7͔ . It is also observed that there is no separation on the suction side of the middle blade for both Reynolds numbers and both trailing edge configurations. The suction side boundary layer stays attached and mixes with the pressure side boundary layer at the trailing edge. This mixing of the suction and pressure side wall shear layers create an almost symmetric low-momentum field, in the region close to the trailing edge of Blade A ͑zero cut-back length͒. The small asymmetry that still exists is due to the difference in the thickness of these boundary layers. The near-wake region of Blade B, however, shows a greater asymmetry, which can easily be depicted in Fig. 6 . This is mainly due to the effect of the cut-back region, which behaves as a backward-facing step and modifies the boundary layer behavior on the pressure side. The existence of the cut-back region diverts the speed contours toward the suction side at the trailing edge.
As the ejection rate is increased from 0 to 5 percent, some changes in the wake patters occur. For both trailing edge configuration, the low-momentum region extends more and more as the ejection rate is increased from 0 to 3 percent. However, for 5 percent coolant ejection, the low-momentum region becomes smaller. This behavior of the wake pattern is evident in Fig. 8 in which the velocity profiles inside the wake along line AA ͑Fig. 6͑a͒͒ are illustrated. For both Reynolds numbers and trailing edge configurations, the velocity defect in the velocity profile becomes more significant up to 3 percent ejection rate. However, again for all cases, a decrease of the velocity defect inside the wake is observed for 5 percent coolant ejection. This particular variation of the wake patterns with varying ejection rates will have a significant effect on the blade total pressure loss characteristics.
Effect of Cut-Back Length
The effect of the cut-back length is illustrated in Fig. 9 , which shows the velocity profiles along line AA for blades A and B, at a free-stream Reynolds number of 500,000 and for a 0 percent ejection rate. A shift in the position of the velocity defect in the velocity profile inside the wake can be observed from this figure. The minimum velocity region is shifted toward the suction side for Blade B. Although the results shown are for 0 percent ejection rate, the same shift pattern is also observed for all the other ejection rates. This shift in the velocity defect is mainly due to the reason that the pressure side shell is not complete for Blade B.
Therefore, in the near-wake region the velocity defect for Blade B is just because of the suction side shell, which clearly has a smaller defect because of the smaller thickness at the trailing edge.
Total Pressure Loss Measurements
As a complementary study for the PIV measurements, a total pressure traverse inside the near wake of the middle blade, again along line AA, is performed independently using a total pressure probe. The uncertainty level for the pressure measurements is estimated to be Ϯ0.5 percent at 105,000 N/m 2 ͑typical atmospheric value͒. The results are shown in Fig. 10 , and show similar wake characteristics to the PIV results. The total pressure loss levels increase with increasing ejection rate up to 3 percent, and at 5 percent coolant ejection the losses are minimized. Furthermore, at 5 percent ejection the local total pressure increase due to the highmomentum coolant jet ejection can be seen in Fig. 9 . Consequently, both the PIV results and the total pressure traverse results show that the coolant ejection has a negative effect, in terms of total pressure losses, until a certain ejection rate is reached. This behavior was also observed by previous researchers. Kost and Holmes ͓5͔ indicate that for coolant to mainstream mass flow rate ratios larger than 2.5 to 3 percent, the coolant momentum has a positive effect on total loss, both for pressure side coolant ejection and for the ejection from a slot at the trailing edge. Their results are for a cascade operating at an exit Mach number of 0.76, which is below the design condition. It is concluded that by ejecting a moderate amount of coolant from a row of holes into subsonic local flow, a decrease of profile loss will be achieved if the coolant momentum has a component in the main flow direction. Pappu and Schobeiri ͓2͔ also indicate that increasing the coolant to mainstream velocity ratio yields a deeper wake in comparison to the no-injection case and consequently in higher total pressure losses for a turbine blade trailing edge coolant ejection system without a cut-back length. The main physical reason for this phenomenon is explained thus: The ejected coolant jet does not have enough momentum to overcome the strong dissipative nature of the wake at the trailing edge, which results in the dissipation of the kinetic energy of the jet. This dissipation yields a deeper wake than for the no-injection case. The aerothermodynamic modeling and performance analysis of Kim et al. ͓10͔ for a turbine stage having cooled nozzle blades also show that ejection of coolant causes total pressure losses up to 2-3 percent of the ejection rate. How- ever, when the momentum contribution of the Re max ϭ500,000 coolant becomes significant, a total pressure gain is predicted when compared to the no-injection case.
The main reason for this increase in loss for low ejection rates is that the ejected coolant has a very low momentum when compared to the mainstream flow. Therefore, when the lowmomentum coolant jet mixes with the high-momentum mainstream, mixing losses are created by high shear regions, which cause increases in the turbulence production in these regions. Hence, some part of the kinetic energy of the main flow is wasted through this turbulence production mechanism and this reflects as an increase in the total pressure loss levels in the wake. However, for high ejection rates like 5 percent, the ejected coolant jet has comparable momentum with the mainstream and it fills the lowmomentum region inside the wake, yielding lower loss levels. This kind of behavior of the loss mechanism is observed for both trailing edge configurations and Reynolds numbers.
The total pressure loss levels for Blade B, which has a 23 mm cut-back length, are also observed to be less than that of Blade A, which has a zero cut-back length. This is due to the fact that the low-momentum region inside the wake coming from the pressure side wall shear layer of Blade A ͑zero cut-back length͒ is filled with the momentum of the coolant jet in case of Blade B. Even when there is no ejection, this region is again filled with the momentum of the mainstream coming over the back-step region. Hence this results in a reduction in the total pressure loss levels for Blade B ͑23 mm cut-back length͒. Transactions of the ASME PROOF COPY 027102JTM
Computational Simulations
Solutions of the two-dimensional, steady, and incompressible Reynolds-averaged Navier-Stokes equations are obtained for the test section geometry using a finite element methodology. These results are basically used for qualitative flow visualization of the flow field. A standard k -e turbulence model coupled with Lander's ͓11͔ Algebraic Reynolds Stress Model is used for the simulation of the turbulent flow field. The governing equations for the flow field are:
A finite element-based fluid dynamics analysis package, FIDAP ͓12͔, is used to solve the governing equations. The flow domain is discretized by using nine-node quadrilateral elements, which give a biquadratic velocity and bilinear pressure variation within each element. Velocity components are specified as zero on the walls and on the blade in order to satisfy the no-slip condition. At the inlet of the test section, the x component of the velocity is specified as a uniform steady profile and the y component is specified as zero. At the trailing edge of the blade, the coolant ejection velocity is specified as a uniform profile that corresponds to the desired coolant ejection rate. Values for the turbulent kinetic energy and for the dissipation rate of turbulent kinetic energy corre- Fig.  13 for 0 percent ejection rate. As the ejection rate is increased, this region vanishes, and the coolant ejection starts to dominate the cut-back region on the trailing edge. The formation of this strong recirculatory region at low ejection rates is the main reason for the increase in losses, which in turn result in low discharge coefficients for a trailing edge with along enough cut-back length ͓7͔. As can be seen from the turbulent kinetic energy plots, the turbulent kinetic energy production inside the high shear regions is high for 0 and 1 percent ejection rates when compared to the higher ejection rates. However, as the ejection rate increases, the turbulent kinetic energy generation goes down because of the reduction of the shear between the ejected coolant and the main flow. This behavior is closely related to the total pressure loss characteristics of the blade because it is the shear between the coolant and the mainstream that determines the kinetic energy losses. These in turn result in the creation of total pressure losses inside wake as observed from PIV and total pressure loss measurements.
Conclusions
The subsonic external flow field physics near the trailing edge of a turbine blade with a coolant ejection system is investigated in order to determine the external aerodynamic loss behavior of the blade due to trailing edge coolant ejection for different ejection rates. Particle Image Velocimetry ͑PIV͒ and total pressure loss measurement results show that the mixing of the coolant flow with the mainstream result in an increase in loss levels for 0-3 percent ejection rates. However, when the coolant ejection rate reaches 5 percent, the loss levels are minimized and even local total pressure increases are observed due to the high-momentum coolant jet. This behavior of the loss mechanism is observed both for the blade with a zero cut-backlength and for the blade with a 23 mm cut-back length at the trailing edge. The main possible reason for this kind of behavior at low ejection rates is the creation of mixing losses due to the mixing of high-momentum mainstream and the low-momentum coolant flow. The effect of the cut-back length was determined to be a shift in the velocity defect region in the wake velocity profile. Additionally, the blade with the cut-back length at the trailing edge is observed to have a smaller velocity defect in the profile that will lead to less aerodynamic loss. The results of the computational simulations reveal the existence of a recirculatory region inside the cut-back length of Blade B for 0 percent ejection, which results in a reduction in the discharge coefficient values for this specific trailing edge arrangement. the turbulence generation is also numerically visualized as the ejection rate is changed from 0 to 5 percent. It is observed that the behavior of the shear generated between the mainstream and the coolant flow mainly determines most of the loss characteristics of the blade. Numerical simulation results illuminate the details of the flow field that could not be captured by PIV.
Nomenclature
f ϭ total pressure loss coefficient ϭ( P tin Ϫ P tex )/P tin ϫ100 k ϭ turbulent kinetic energy k* ϭ k/u 0 2 ϭnondimensional turbulent kinetic energy l ϭ w/w max ϭnondimensional total pressure traverse distance parameter 2 ϭnondimensional static pressure Re max ϭ maximum Reynolds number calculated using maximum velocity at throat and blade chord u i ϭ ith component of velocity vector u i * ϭ u i /u 0 ϭnondimensional velocity V ϭ magnitude of velocity vector V in ϭ velocity at inlet of test section V max ϭ maximum velocity at throat w ϭ distance parameter along line AA, mm w max ϭ maximum distance on AA, mm x i ϭ ith component of spatial coordinate x i * ϭ x i /Dϭnondimensional coordinate ϭ viscous dissipation rate of turbulent kinetic energy * ϭ D/u 0 3 ϭnondimensional viscous dissipation rate of turbulent kinetic energy ⌽ ϭ viscous dissipation function ⌽* ϭ ⌽D 2 /u 0 2 ϭnondimensional viscous dissipation function 0 ϭ absolute viscosity t ϭ turbulent viscosity t * ϭ t /(u 0 /D)ϭnondimensional turbulent viscosity * ϭ 1ϩ t / 0 ϭnondimensional viscosity ϭ density
